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Abstract: The performance of a tray dryer system for the parsley drying 
process was assessed using energy and exergy analysis methods in this study. 
The drying temperature ranged from 40°C to 60°C, while the drying air 
velocity varied from 0.5 m/s to 1.5 m/s. The higher temperature and lower 
velocity led to higher exergy and energy efficiencies. The exergy efficiency 
value for the overall system on a product/fuel basis was found to be 3.62%.  
The values for Specific Moisture Extraction Rate (SMER) and Specific 
Moisture Exergetic index (SMExR) were obtained to be 0.08 and 2.47 kg/kWh, 
respectively. 
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1 Introduction 
Parsley (Petroselinum crispum Mill.) is a widely used culinary, medicinal and aromatic 
plant. The fresh or dried leaves, roots and seeds of this plant are used in the  
food, cosmetic and pharmaceutical industries to produce spice, essential oils and drugs. 
In food preparation, fresh parsley leaves are also used as a garnish and for seasoning. 
Dried leaves, known as parsley flakes, are particularly used in the instant food sector as 
an ingredient for flavouring in soups and sausages. Both seeds and leaves are used to 
produce an essential oil for use in perfumes, soaps, crèmes and seasonings. It is a very 
rich source of Vitamins C and E, β-carotene, thiamin, riboflavin and organic minerals 
(Soysal, 2004).  
Drying is one of the oldest unit operations and has recently become widespread in 
various industries. It has been used in different industries to gain different utilities.  
The methods of drying are diversified according to the purpose of the process. There are 
more than 200 types of dryers (Mujumdar, 1997). For every dryer, the process conditions, 
such as drying chamber temperature, pressure, air velocity (if the carrier gas is air), 
relative humidity and product retention time have to be determined according to feed, 
product, purpose and method. On the other hand, drying is an energy-intensive process 
and its energy consumption value is 10–15% of the total energy consumption in all 
industries in developed countries (Keey, 1972; Mujumdar, 1997). In brief, drying  
is arguably the oldest, most common, most diverse, and most energy-intensive unit 
operation, and because of all these features, the engineering in drying processes gains  
in importance (Erbay and Icier, 2009). 
Exergy analysis is a very useful tool, which can be successfully used in the design of 
an energy system and provides useful information to choose the appropriate component 
design and the operation procedure. This information is effective in determining the plant 
and the operation cost, the energy conservation, the fuel versatility and the pollution.  
In recent years, exergy analysis has been widely used for the performance evaluation  
of thermal systems. Although the energy analysis method has been widely used  
in evaluating the performance of food systems, studies on exergy analysis, especially on 
exergetic assessment of drying process, are relatively few in number (Midilli and Kucuk, 
2003; Dincer and Sahin, 2004; Akpinar, 2004; Akpinar et al., 2005a, 2006b). In these 
studies, the drying process was thermodynamically modelled by Dincer and Sahin 
(2004), while drying of different products, such as wheat kernel (Syahrul et al., 2003), 
pistachio (Midilli and Kucuk, 2003), red pepper slices (Akpinar, 2004), potato  
(Akpinar et al., 2005a), apple slices (Akpinar et al., 2005b) and pumpkin (Akpinar et al., 
2006b), laurel leaves (Kuzgunkaya and Hepbasli, 2007a, 2007b), pasta (Ozgener, 2007), 
green olive (Colak and Hepbasli, 2007), mint (Colak et al., 2008), was evaluated in terms 
of energetic and exergetic aspects using various drying devices, such as fluidised bed 
dryers, solar assisted dryers, convective type hot-air dryers and heat pump dryers. 
Although open sun drying, convective drying and microwave drying behaviours of 
parsley were investigated and modelled (Soysal, 2004; Akpinar et al., 2006a; Doymaz  
et al., 2006; Soysal et al., 2006; Gornicki and Kaleta, 2007) and some drying quality 
features of parsley such as colour qualities, rehydration ratios, microbial loads,  
were discussed (Bobic et al., 2002; Doymaz et al., 2006; Yaghmaee and Durance, 2007), 
there has been no study on the performance of drying of parsley and/or drying systems 
used in parsley drying to the best of the authors’ knowledge. The main objectives of this 
paper are as follows:  
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• to perform an energy and exergy analysis during tray drying of parsley under 
different operating conditions 
• to investigate the effects of the inlet drying air temperature and the velocity on both 
energy and exergy efficiencies 
• to discuss the performance and improvements in the drying system. 
2 Materials and method 
2.1 Material 
Fresh parsley (Petroselinum crispum Mill.) was purchased from a local market in Izmir, 
Turkey. The purchased parsley was washed with water and then the excess water on the 
surface of the parsley was removed with a filter paper. The purchased parsley was 
processed within 24 h. 
2.2 Method 
2.2.1 Experimental set up 
Parsley was dried in a laboratory type tray dryer (Armfield UOP8, Hampshire, UK) 
shown schematically in Figure 1. 
Figure 1 Schematic illustration of the tray drier used 
 
In the tray dryer, the drying air velocity was adjusted by an axial flow fan and fan speed 
control unit. The air was heated with an electric 3 kW heater placed inside the duck  
and air temperature was controlled by a heater power control unit. The dimensions of the 
drying compartment were 0.3 × 0.3 × 0.4 m. The dryer included four sample trays. 
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2.2.2 Drying procedure and measurements 
Parsley was spread onto the trays as a thin layer and drying experiments were carried out 
at drying air velocities of 0.5, 1.0 or 1.5 m/s in the tray dryer. The drying temperatures 
were 40, 50 or 60°C.  
Humidities, temperatures and velocities were measured with robust humidity probes 
(Testo, 0636.2140, Freiburg, Germany), vane/temperature probes (Testo, 0635.9540, 
Freiburg, Germany) and a professional telescopic handle for plug-in vane probes  
(Testo, 0430.0941, Freiburg, Germany), respectively. Measurements of drying air 
temperature, velocity and relative humidity were recorded at the inlet and outlet holes at 
every 10 min for the tray dryer. The surface temperature of the equipment was measured 
with a digital multimeter (Metex ME-32, Seoul, Korea) and the surface temperature of 
the parsley during the drying was measured with an infrared thermometer with a  
laser sighting (Testo 525-T2, Freiburg, Germany). A digital balance (Scaltec SBA 61, 
Goettingen, Germany) was used to measure the weight loss of the sample during the 
drying experiments. The ambient temperature and the relative humidity were  
observed and recorded with a multi-function instrument (Testo 350-XL/454, Control unit, 
Freiburg, Germany). 
The moisture content in the sample was determined using the vacuum-oven method 
(AOAC, 1990). The protein, ash, fat, carbohydrate and fibre contents of the parsley were 
determined (IUPAC, 1987; AOAC, 1995a, 1995b; TSE, 2003) (Table 1), while Cp was 
calculated from equation (1); 
prot prot fat fat carb carb ash ash fibre fibre+ + + + + .p w wC C X C X C X C X C X C X=  (1) 
Table 1 The composition of parsley dried in this study 
Content % 
Water 83.4 
Protein 3.0 
Carbohydrate 8.5 
Fat 0.8 
Fibre 3.3 
Ash 1.0 
2.2.3 Experimental uncertainty 
Uncertainty analysis is needed to prove the accuracy of the experiments. Errors and 
uncertainties in the experiments can arise from the instrument selection, condition, 
calibration, environment, observation and reading, and test planning (Akpinar et al., 
2003). An uncertainty analysis was performed using the method described by  
(Holman, 2001): 
1/ 222 2
1 2
1 2
.F n
n
F F FU u u u
z z z
     ∂ ∂ ∂ = + + +     ∂ ∂ ∂       
?  (2) 
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3 Modelling and analysis 
Mass, energy and exergy balances were employed to find the heat inputs, the rates of 
exergy destructions, and energy and energy efficiencies. Steady-state, steady-flow 
processes are assumed. A general mass balance was expressed in rate form as 
in outm m=? ?  (3) 
where m?  was the mass flow rate, and the sub-script ‘in’ stands for inlet and ‘out’ for 
outlet. 
Energy and exergy balances, equating total energy (exergy) inputs to total energy 
(exergy) outputs, were written as  
in outE E=? ?  (4) 
in out dest .Ex Ex Ex− =? ? ?  (5) 
The specific flow exergy of refrigerant, air or water was evaluated as 
, 0 0 0( ) ( ).r w h h T s sψ = − − −  (6) 
The enthalpy and entropy of air were calculated from the following equations, 
respectively (Schmidt et al., 1998) 
p fgh C T hω= +  (7) 
air
0
, air
0 0
  .ln   ln (   ln ).p w
P RH PTs C R s R RH
T P
ω
′
−
′= − + −  (8) 
The exergy rate was determined as 
Ex mψ=? ?  (9) 
where h was the enthalpy, s was the entropy, and the sub-script zero indicated properties 
at the dead (reference) state (i.e., at P0 and T0). 
The specific moisture extraction rate was defined as the ratio of the moisture 
removed, in kg, to the energy input in kWh (Hawlader and Jahangeer, 2006): 
Moisture removed in kg
Energy input in kWh 
SMER =  (10a) 
heater,elec fans,elec
wmSMER
W W
=
+
?
? ?  (10b) 
where wm?  was the moisture in kg water per hour. Here, 
heater,elec heater heater,elecW W η=? ?  (11a) 
fans,elec fans fan,elec fan,mech( )W W η η=? ?  (11b) 
heater,elec comp comp3 CosW V I ϕ=?  (12a) 
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fan,elec fan fanCos .W V I ϕ=?  (12b) 
Moisture removed in kg
Exergy input in kWh 
SMExR =  (13a) 
which was defined by Kuzgunkaya and Hepbasli (2007a) for the first time as the ratio of 
the moisture removed, in kg, to the exergy input, in kWh, and indicated the effectiveness 
of the exergy input in the drying process  
,in
.
 
w
da
mSMExR
Ex
=
?
?  (13b) 
The energy efficiency of the dryer cabinet was derived by using the energy balance 
equation. The thermal efficiency of the drying process was defined as (Syahrul et al., 
2002): 
Energy transmitted to the solid
Energy incorporated in the drying air
η =  (14a) 
,in ,out ,out ,in
in 0
( )  (  )
.
(  )
d fg p p m m m
da
W h M M c T T
m h h t
η
 − + − 
=
− ∆
 (14b) 
The exergy balance for the drying cabinet was developed by combining the energy 
balance and the entropy balance. Multiplying the entropy balance by T0 and subtracting 
the resulting expression from the physical exergy balance gave: 
,out ,in ,in ,out evap loss dest .p p da daEx Ex Ex Ex Ex Ex Ex− = − + − −? ? ? ? ? ? ?  (15) 
The exergy efficiency of the dryer cabinet, based on the Second Law of 
Thermodynamics, was derived using the exergy rate balance equation. The exergy 
efficiency provided a true measure of the performance of the drying system from the 
thermodynamic viewpoint. In defining the exergy efficiency it was necessary to identify 
both the product and the fuel. In this study, the product was the rate of exergy 
evaporation (Exevap), and the fuel was the rate of exergy drying air entering the dryer 
cabinet (Exda1). The exergy efficiency, on the basis of the exergy rate balance,  
was given as (Syahrul et al., 2002). 
evap
, in
.
da
Ex
Ex
ε =
?
?  (16) 
The rate of exergy transfer due to evaporation in the dryer was: 
0
evap 1 w fg
av
T
Ex m h
T
 
= −  
?  (17) 
where wm?  was the moisture in kg water per hour. 
The following equation was used to calculate the rate of exergy loss to the 
surroundings, where Tb is the boundary temperature. 
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0
loss loss1 .
b
TEx Q
T
 
= −  
??  (18) 
The exergy efficiency of the overall system was expressed as the ratio of total exergy 
output to total exergy input: 
out
in
Ex
Ex
ε =
?
?  (19) 
where ‘output’ refers to ‘net output’, ‘product’, ‘benefit’ or ‘desired value’, and ‘input’ 
refers to ‘driving input’ or ‘fuel’. 
Van Gool’s (1997) improvement potential on a rate basis, denoted ,IP?  was  
expressed as 
in out(1  )( ).IP Ex Exε= − −? ? ?  (20) 
Since the initial moisture content of the parsley used in the experiment under various inlet 
air conditions may be variable, a comparison of drying time and efficiency in terms  
of absolute moisture content might be misleading. Therefore, normalised moisture was 
calculated by dividing the moisture of the parsley to moisture of the raw parsley 
(equation (21)); 
Normalised moisture .
i
Mp
Mp
=  (21) 
In this study, the dead (reference) state was taken to be the state of the environment at 
which the temperature and the atmospheric pressure were 14.7°C and 101.325 kPa, 
respectively. The thermodynamic properties of water and air were found using the 
Engineering Equation Solver (F-Chart Software, 2008) software package. 
4 Results and discussion 
Uncertainty analysis was necessary to prove the accuracy of the experiments.  
The temperature, air velocity, relative humidity and mass losses were measured with 
appropriate instruments. Uncertainties of the experimental measurements and total 
uncertainties for predicted values were listed in Table 2. It was obtained that uncertainties 
were within an acceptable range. 
Table 2 Uncertainties of the experimental measurements and total uncertainties  
for predicted values 
Parameter Unit Comment 
Experimental measurements   
Uncertainty in the temperature measurement oC ±0.224 
Uncertainty in the weight measurement g ±0.00051 
Uncertainty in the air velocity measurement m/s ±0.21 
Uncertainty in the measurement of relative humidity of air % ±0.41 
Uncertainty in the surface temperature measurement °C ±1.0 
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Table 2 Uncertainties of the experimental measurements and total uncertainties for predicted 
values (continued) 
Parameter Unit Comment 
Predicted values   
Total uncertainty for specific heat of parsley kJ/kg°C ±0.44 %a 
Total uncertainty for inEx?  kW ±1.13 %b 
Total uncertainty for outEx?  kW ±1.29 %c 
Total uncertainty for lossEx?  kW ±0.33 %d 
Total uncertainty for ε Dimensionless ±2.20 %e 
aNominal value was taken as 1.826. 
bNominal value was taken as 0.245. 
cNominal value was taken as 0.191. 
dNominal value was taken as 0.010. 
eNominal value was taken as 77.93. 
4.1 Exergetic analysis of parsley drying unit  
The exergy of drying air inflow (Exda,in) was higher than the outflow (Exda,out), because of 
the heat losses and destructions during the drying process (Figure 2). In this study, 
approximately 26% of the drying air that entered the drying cabinet has been lost and 
thus showed the importance of the system’s isolation for drying processes. 
Figure 2 The change of exergy of drying air entering and existing the dryer with drying time 
 
Although biological materials such as agricultural products have a high moisture content, 
generally, no constant rate period is seen in drying processes (Erbay and Icier, 2009). 
Figure 3 illustrates the variation of the exergy of evaporation of the tray dryer of the 
parsley. The exergy of evaporation increased at the initial stages due to the rapid 
evaporation of the surface moisture, while the exergy rate of evaporation decreased 
exponentially as the surface moisture evaporated until the end of the drying process.  
The range of moisture content varied from an initial value of Mpi = 0.83 to a final 
moisture content of Mpf = 0.11 (Figure 4). The exergy efficiency was found to be  
higher at the initial stage of the drying process, but decreased exponentially during  
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the drying process. The improvement in potential rate was high at the initial stages.  
It was then nearly constant after 80 min (Figure 5). The variation of SMER and SMExR 
during the drying process is given in Figure 6. SMER and SMExR values were higher at 
the initial stage of the drying process due to the high amount of the moisture removal.  
As the drying continued and the amount of moisture content removed decreased,  
the specific moisture extraction rates decreased.  
Figure 3 The change of exergy of evaporation with drying time 
 
Figure 4 The variation of the exergy efficiency with drying time 
 
Figure 5 The variation of the improvement potential during drying 
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Figure 6 The variation of the SMER and SMExR with drying time  
 
4.1.1 Effect of temperature on energy and exergy efficiencies 
The drying rate of parsley in thin layer drying was influenced mainly by the drying air 
temperature (p < 0.05) (Figure 7). To compare the efficiency changes for performance 
evaluation, energy and exergy efficiencies were determined. The energy efficiencies were 
found to be higher than the exergy efficiencies (Figure 8). As the temperature increased, 
the enthalpy of the drying air for the same period of time increased. These differences at 
the initial stage of drying were higher than those at the final stage. Similarly, the entropy 
of drying air also increased with the temperature, leading to higher energy and exergy 
efficiencies (Figures 7 and 8). The final temperature of the material after a long time 
interval became almost equal to the temperature of the inlet drying air. 
Figure 7 Effect of inlet air temperature on the Normalised moisture content during drying  
(at a constant air velocity of 1 m/s) 
 
Figure 8 Effect of inlet air temperature on efficiencies depending on normalised moisture  
content (at a constant air velocity of 1 m/s) 
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4.1.2 Effect of air velocity on energy and exergy efficiencies 
Figures 9 and 10 illustrate the effect of air velocity on the drying time and the efficiency 
of the drying, respectively. The drying rate did not change much due to variations in 
drying air velocity, so the drying air velocity did not seem to be an important process 
parameter in parsley drying (Figure 9). However, increasing the drying rate caused  
a decrease in the energetic and exergetic efficiencies of the drying process (Figure 10). 
Finally, it was concluded that parsley should be dried with low velocities from the 
energetic, economic and environmental points of view. 
Figure 9 Effect of air velocity on the normalised moisture content during drying of parsley  
(at a constant drying temperature of 50°C) 
 
Figure 10 Effect of air velocity on efficiencies depending on the normalised moisture content  
(at a constant drying temperature of 50°C) 
 
4.2 Exergetic analysis of the tray dryer system 
The temperature, the pressure and the mass flow rate data for product and air during 
drying are given in Table 3, following the state numbers specified in Figure 1. By using 
the exergy rate data given in Table 3, the exergy efficiency values for the overall drying 
system on a product/fuel basis were estimated to be 3.6% (Table 4). By comparison with 
the product/fuel basis of some investigators, Syahrul et al. (2002, 2003) reported that 
exergy efficiency values for corn drying ranged from 2% to 16%, while exergy efficiency 
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values for red-spring wheat drying in a fluidised bed dryer varied between 2–12%, on the 
basis of product/fuel. Kuzgunkaya and Hepbasli (2007a) found values of 9.11–15.48%  
in a ground source heat pump where laurel leaves were dried. In this study, the exergy 
efficiency for the tray dryer system on a product/fuel basis was 3.6%. 
Table 3 Some thermodynamic data, energy and exergy rates provided for one representative 
unit of the drying system 
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Table 4 Some energetic and exergetic analysis data provided for the drying system 
(T0 = 14.7oC and P0 = 101.325 kPa, for T = 50°C and V = 1 m/s) 
 
The SMER and SMExR values were found to be 0.019 and 0.55 kg/kWh for the drying 
system. These values showed that the exergy input was more effective in  
the performance evaluation of the drying process. 
The greatest Improvement Potential rate (İP) value was obtained in the drying duct, 
followed by the heater, fan and drying cabinet. The İP value of the drying duct was 
calculated to be 0.685 kW and this indicated the importance of the insulation for the 
drying processes. Furthermore, the drying cabinet should be designed to dry more 
products for gaining more utility. So it was important to emphasise the need for paying 
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close attention to the selection of this equipment, since components of inferior 
performance could considerably reduce the overall system performance. The RI value of 
the drying duct was obtained as 60.69%. 
5 Conclusions 
The main conclusions drawn from the results of the present study may be listed as 
follows: 
• The drying rate of parsley in thin layer drying was influenced mainly by the drying 
air temperature 
• Higher temperature and lower velocity led to higher exergy and energy efficiencies 
during drying of parsley in the tray dryer system 
• The values for SMER and SMExR at a dead state temperature of 14.7°C, a drying 
temperature of 50°C and an air velocity of 1 m/s were found to be 0.019 and 
0.55 kg/kWh, respectively 
• The exergy efficiency values for the tray dryer system on a product/fuel basis was 
3.6% at a dead state temperature of 14.7°C for the drying temperature of 50°C  
and air velocity of 1 m/s 
• The largest irreversibility in the tray drying system was associated with the duct, 
followed by the heater 
• The results can focus an engineer’s attention on components where the greatest 
potential was destroyed and quantify the extent to which modification of one 
component affects, favourably or unfavourably, the performance of other 
components of the system. 
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Nomenclature  
C Specific heat (kJ/kg K) 
E?  Energy rate (kW) 
Ex?  Exergy rate (kW) 
F Function 
h  Specific enthalpy (kJ/kg) 
İP Improvement potential rate (kW) 
m?   Mass flow rate (kg/s) 
M Moisture 
P Pressure (bar) 
R Ideal gas constant (kJ/kgK) 
RH Relative humidity (%) 
s Specific entropy (kJ/kgK) 
SMER Specific moisture extraction rate (kg/kWh) 
SMExR Specific moisture exergetic index (kg/kWh) 
T Temperature (ºC or K) 
t Time (Min. or s) 
V Velocity (m/s) 
U, u Uncertainty 
W Weight (kg) 
W?  Work rate or power (kW) 
z Independent variable 
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Greek letters 
η  Energetic efficiency (%) 
ε  Exergetic efficiency (%) 
ψ  Specific exergy (kJ/kg) 
ω  Specific humidity ratio (kg water/kg air) 
Indices 
0 Dead (reference) state 
av Average 
b Boundary 
comp Compressor 
d Dry 
da Drying air 
dest Destruction 
elec Electrical 
evap Evaporator  
fg Vapourisation  
i Initial 
in Inflow 
m Material 
mech Mechanical 
p Product 
out Outflow 
w Water 
over dot Quantity per unit time  
 
